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infection	prevalence	 and	 genetic	 diversity:	 Trematode	 species	 that	 utilized	 fish	 as	
final	hosts	demonstrated	lower	parasite	diversity	and	heightened	founder	effects	in	
the	 introduced	range	than	those	trematodes	using	birds	as	final	hosts.	 In	addition,	
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1  | INTRODUC TION
Founder	 effects	 are	 a	 commonly	 recognized	 genetic	 signature	 of	
newly	 established	 populations	 following	 successful	 colonization	
events	 (Barton	 &	 Charlesworth,	 1984).	 During	 these	 events,	 just	
a	subset	of	a	species’	source	genetic	diversity	may	be	carried	to	a	
























cent	 species	 colonizations	 are	 due	 to	 human‐mediated	 transfer	
mechanisms	 (“species	 introduction	 vectors”),	 which	 have	 acceler-
ated	with	human	globalization	 in	 the	past	 century	 (Ruiz,	Fofonoff,	
Carlton,	Wonham,	&	Hines,	2000).	A	wide	diversity	of	introduction	
vectors	are	responsible	for	carrying	biota	to	new,	historically	 inac-
cessible	 regions	 and	may	be	 intentional	 (e.g.,	 food,	 biological	 con-
trol,	ornamental	use)	or	unintentional	(e.g.,	species	associated	with	
vessels,	 bait,	 live	 oysters)	 (Carlton,	 1996,	 2003;	Cohen	&	Carlton,	







founder	 effect	 signatures	 are	 common	 in	 many	 species	 introduc-
tions	 (e.g.,	Betancur	et	al.,	2011;	Blakeslee,	Byers,	&	Lesser,	2008;	




and	 particularities	 of	 each	 introduction	 event,	 including	 their	 size	
and	frequency	(i.e.,	propagule	pressure),	their	timing,	their	effective	
population	 size,	 and	 their	 vector	 type	 (Darling,	 Bagley,	 Roman,	
Tepolt,	&	Geller,	 2008;	Geller,	Darling,	&	Carlton,	2010;	Roman	&	
Darling,	 2007;	 Voisin,	 Engel,	 &	Viard,	 2005).	 For	 example,	 Roman	
(2006)	 found	a	strong	“diluting	 [of]	 the	 founder	effect”	 in	non‐na-
tive	populations	of	European	green	crab	(Carcinus maenas)	resulting	
from	multiple	introduction	events	originating	from	different	regions	
in	 the	 native	 range.	 More	 specifically,	 those	 introduction	 vectors	
with	 higher	 entrained	 propagule	 pressure	 can	 enable	 transfer	 of	








less	 is	known	about	these	effects	 in	parasites	 (e.g.,	parasites	were	
not	included	in	the	review	by	Roman	&	Darling,	2007).	A	couple	no-




Kuris,	 Hechinger,	 &	 Chiba,	 2006),	 and	 Littorina littorea	 (common	












nized	 as	 important	 contributors	 to	 ecosystem	 health,	 restoration,	
biodiversity,	and	invasion	history	(Altman	&	Byers,	2014;	Blakeslee	
et	al.,	2008;	Byers,	Altman,	Grosse,	Huspeni,	&	Maerz,	2011;	Byers,	









than	 hosts,	 since	 only	 a	 subset	 of	 invading	 hosts	will	 be	 infected	
upon	 introduction.	 In	 addition,	 complex	 life	 cycles	 could	make	 re-
productive	success	more	challenging,	especially	for	parasites	requir-
ing	 transmission	 through	multiple	and	often	species‐specific	hosts	
(Shoop,	 1988).	 As	 a	 result,	 smaller	 parasite	 founding	 populations	
would	be	more	subject	to	evolutionary	forces	like	drift	that	tend	to	
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reduce	genetic	variability.	Further,	if	founding	individuals	cannot	find	
mates	and	successfully	reproduce,	genetic	diversity	will	be	further	







sociated	with	host	 and	parasite	populations	 in	 a	 system	where	an	
introduced	host	snail	 (Tritia obsoleta,	 formerly	 Ilyanassa obsoleta)	 is	
infected	 by	 several	 species	 of	 trematode	 parasites	 in	 both	 its	 na-
tive	 region	of	eastern	North	America	and	 its	non‐native	 region	of	
western	North	America.	 This	 study	 system	 allowed	 us	 to	 test	 for	
differences	 in	 multiple	 parasite	 species	 with	 different	 life	 cycles	
while	controlling	for	the	host	species.	The	host	and	its	parasites	also	
reflect	a	relatively	recent	founding	event,	making	our	study	partic-
ularly	well	 suited	 for	examining	questions	about	 the	effects	of	 in-
troduction	events	on	genetic	diversity.	Based	on	our	expectations	
for	differential	signatures	in	the	host	versus	parasites,	we	tested	the	
following	 hypotheses:	 (1)	 T. obsoleta's	 trematode	 parasites	 would	
show	a	stronger	genetic	bottleneck	than	the	snail	host	in	introduced	
versus	 native	 regions	 and	 subregions,	 due	 to	 inherent	 differences	











2.1 | North American distribution and invasion 
history of Tritia obsoleta




ish,	 soft‐sediment	 habitats	 (e.g.,	 salt	 marsh,	 mudflats)	 often	 at	
high	 densities	 (>1,000/m2)	 (Cranford,	 1988;	 Appendix	 S1A).	 The	
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&	 Carlton,	 2018).	 The	 snail	 was	 likely	 introduced	 to	 the	 North	
American	 Pacific	 coast	 via	 large‐scale	 intentional	 but	 ultimately	
failed	 attempts	 at	 transplanting	 the	 eastern	 oyster,	 Crassostrea 
virginica,	 to	 the	west	coast	 in	 the	1900s	 (Carlton,	1992).	 Its	 first	
Pacific	 records	 were	 in	 San	 Francisco	 Bay	 (SFB),	 California,	 in	
1907	(Carlton,	1992);	Willapa	Bay	(WB),	Washington,	in	1945;	and	
Boundary	 Bay	 (BB),	 British	 Columbia,	 in	 1952	 (Demond,	 1952).	
Both	historical	evidence	and	ecological	evidence	suggest	that	the	
introduction	originated	from	Long	Island	Sound	and	nearby	Mid‐
Atlantic	 bays	 and	 estuaries.	 Oysters	 were	 targeted	 from	 these	
areas	 because	 they	were	 hardier	 and	more	 tolerant	 of	 long‐dis-
tance	travel	(Kochiss,	1974;	Miller,	2000).




2005).	 Trematodes	 typically	 use	 gastropods	 as	 first‐intermediate	
hosts,	 where	 they	 reproduce	 asexually,	 proliferating	 in	 the	 gonad	
and	ultimately	castrating	the	snail.	During	this	phase,	a	free‐swim-
ming,	infective	stage	called	cercaria	is	produced.	Cercariae	emerge	
from	 the	 snail	 and,	 depending	 on	 the	 species	 of	 trematode,	 seek	
out	 a	wide	 range	 of	 second‐intermediate	 hosts,	 such	 as	mollusks,	












There	 are	 nine	 documented	 trematode	 species	 that	 infect	
T. obsoleta	 in	 its	native	range,	and	they	utilize	an	array	of	down-
stream	hosts	(Figure	S1;	Blakeslee	et	al.,	2012;	Curtis,	1997,	2007;	
Phelan,	 Blakeslee,	 Krause,	 &	 Williams,	 2016).	 Most	 (7/9)	 infect	
three	hosts,	 and	all	but	one	use	either	 fish	 (n	=	4)	or	 shorebirds	
(n	=	4)	 as	 final	hosts.	Five	of	T. obsoleta's	 trematodes	have	been	
discovered	in	the	introduced	range:	all	five	in	SFB	(Blakeslee	et	al.,	
2012;	Grodhaus	&	Keh,	1958)	 and	 two	 in	WB and BB	 (Blakeslee	
et	 al.,	 2012;	 Table	 1).	 Trematode	 prevalence	 is	 variable	 across	
sites	and	subregions,	with	a	notable	pattern	associated	with	 the	
type	 of	 final	 hosts:	 Trematodes	 using	 fish	 as	 final	 hosts	 (here-
after	 “fish‐using”)	 are	 five	 times	 less	 common	 in	 the	 introduced	
versus	 native	 ranges,	 while	 for	 those	 trematodes	 using	 birds	 as	
final	 host	 (hereafter	 “bird‐using”),	 prevalence	 is	 similar	 between	
the	 ranges	 (Blakeslee	 et	 al.,	 2012).	 Prior	 demographic	 surveys	
have	documented	differences	in	native	and	introduced	trematode	

























were	 collected	 haphazardly	 by	 hand	 in	 the	 low	 intertidal	 zone	 at	
daily	low	tide	by	walking	parallel	to	the	water's	edge.	Approximately	
100	 snails	were	 collected	per	 site	 and	dissected	 in	 the	 laboratory	
using	standard	protocols	(Blakeslee	et	al.,	2012)	to	measure	trema-
tode	richness	and	prevalence	per	site.	Trematodes	were	identified	to	




analyses	 (Figure	2).	For	T. obsoleta,	 the	 following	were	 the	 sample	
sizes	for	COI	DNA	sequencing—Source: n	=	8	sites,	n = 127 individu-
als;	North: n	=	4	sites,	n	=	75	individuals;	South: n	=	4	sites,	n = 66 in-







variglandis	(AV),	Himasthla quissitensis	(HQ),	Lepocreadium setiferoides 
(LS),	and	Zoogonus lasius	(ZL).	The	following	were	our	trematode	sam-
ple	sizes	for	the	COI	marker:	Source: n	=	8	sites,	n = 163 individu-
als;	North: n	=	4	sites,	n	=	43	individuals;	South: n	=	2	sites,	n = 32 
individuals;	SFB: n	=	4	sites,	n	=	58	individuals;	WB: n	=	1	site,	n = 3 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3 | DNA sequencing, alignment, and 
phylogenetic analyses
DNA	 was	 extracted	 from	 the	 snail's	 foot	 using	 a	 standard	 cetyl	
trimethyl	 ammonium	 bromide	 (CTAB)	 protocol	 (France,	 Rosel,	
Agenbroad,	Mullineaux,	&	Kocher,	1996).	For	 trematodes,	multiple	
cercariae	 and	 rediae/sporocysts	 were	 extracted	 from	 the	 gonad	





ers	 and	 fragment	 sizes	 for	 the	 snail	 and	 trematodes	 can	be	 found	




reverse	 directions	 at	 the	 Smithsonian	 Institution's	 Laboratories	 of	
Analytical	 Biology	 (Washington,	 DC,	 USA).	 Sequences	 were	 as-
sembled	 and	 manually	 inspected	 for	 ambiguities	 using	 Geneious	
10.1.2	 (Biomatters	 Ltd).	 Sequences	 were	 aligned	 without	 gaps	
using	the	ClustalW	algorithm	(Larkin	et	al.,	2007)	and	collapsed	into	
haplotypes	using	TCS	v.1.21	 (Clement,	Posada,	&	Crandall,	 2000).	
The	optimal	 nucleotide	 substitution	model	was	 selected	based	on	
the	Akaike	 information	 criterion	 in	 jModelTest	 in	Geneious	10.1.2	
(Darriba,	Taboada,	Doallo,	&	Posada,	2012).	The	selected	model	was	
then	 used	 in	 Bayesian	 phylogeny	 reconstructions	 using	 MrBayes	
(Huelsenbeck	&	Ronquist,	 2001)	 in	Geneious	10.1.2	 (see	Table	 S1	
for	 information	on	phylogenetic	 rooting).	Rarefaction	curves	were	

















and	 its	 four	 trematodes.	GenBank	accession	numbers	 for	 the	host	
snail	and	its	trematodes	are	as	follows:	MN272433–MN272597	and	
MN272598–	MN272732	(Blakeslee	et	al.,	2019).
3.4 | Genetic diversity, population structure, and 
migration rates
For	 both	 the	 snail	 and	 trematodes,	 we	 calculated	 fixation	 indices	
for	 population	 pairs	 based	 on	 pairwise	 differences	 between	 hap-
lotypes	(φST),	and	tested	significance	of	differentiation	in	Arlequin.	
Hierarchical	 analysis	 of	molecular	 variance	 (AMOVA)	was	 used	 to	
estimate	variation	for	T. obsoleta	between	regions;	between	native	
subregions	 and	 the	 introduced	 region;	 between	 subregions	 across	
the	two	regions;	and	between	subregions	within	regions	(see	Table	
S2	 for	 all	 comparisons).	 Because	 18S	 demonstrated	 little	 genetic	
variation	for	T. obsoleta,	just	the	regional	comparison	was	made	for	
this	marker.	 Similarly	 for	HQ,	 we	 performed	 a	 subset	 of	 compari-
sons.	Haplotypes	were	visualized	in	PopArt	(Leigh	&	Bryant,	2015)	
using	a	TCS	haplotype	network	for	both	the	host	and	its	parasites.	




similar	 and	 could	 reveal	 likely	 source	populations.	Using	 the	 same	
regional	 and	 subregional	 comparisons	 presented	 in	 Table	 S2,	 we	
also	 examined	gene	 flow	using	 IMa	 (Hey	&	Nielsen,	 2007).	 IMa	 is	
a	 coalescent‐based	 program	 that	 uses	Markov	 chain	Monte	 Carlo	
(MCMC)	sampling	and	applies	the	isolation	with	migration	model	to	
estimate	migration	rates	 (m1/μ and m2/μ,	where	μ	 is	 the	mutation	






4.1 | Founder effects in host versus parasites
To	 determine	 whether	 genetic	 founder	 effects	 differed	 between	
the	 host	 and	 parasites	 in	 the	 native	 versus	 introduced	 regions	
(Hypothesis	 1),	 we	 examined	 genetic	 diversity	 using	 two	 mark-
ers	 (COI	and	18S).	 In	T. obsoleta,	we	detected	165	COI	haplotypes	
across	the	two	regions:	89	(54%)	were	only	in	the	native	region,	54	
(33%)	only	in	the	introduced	region,	and	22	(13%)	shared	between	
regions.	 Haplotype	 richness	 was	 marginally	 higher	 (Χ2	 =	 3.313,	
p	=	.069)	in	the	native	versus	introduced	region.	Interestingly,	how-
ever,	the	opposite	was	found	between	the	putative	Source	and	the	
introduced	 region,	 the	 latter	 having	 significantly	 higher	 haplotype	
richness	(Χ2	=	4.2733,	p	=	 .039;	Figure	3).	When	examining	haplo-
type	 frequencies,	 shared	haplotypes	were	 very	 common	between	
the	native	and	introduced	regions	(60%	of	all	occurrences),	and	this	
increased	to	70%	for	comparisons	with	the	Source.	Connectivity	was	
F I G U R E  3  Pie	chart	representations	of	proportional	haplotype	richness	and	frequency	based	on	the	COI	marker	for	the	host,	Tritia 
obsoleta,	and	four	of	its	trematode	parasites	(Austrobilharzia variglandis,	Himasthla quissitensis,	Lepocreadium setiferoides,	Zoogonus lasius).	
Three	separate	comparisons	are	made	for	proportional	haplotype	richness	and	frequency:	left—T. obsoleta,	the	host	snail;	middle—all	
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high	 between	 regions	 and	 subregions.	 Among	 the	 shared	 haplo-
types,	there	were	few	sequence	changes	(Figure	S2),	and	haplotypes	
were	 broadly	 represented	 among	 the	 subregions.	 Moreover,	 55%	







For	 the	 trematodes,	 the	 COI	 marker	 revealed	 a	 large	 degree	
of	 genetic	 diversity	 (n	 =	 135	 haplotypes;	 Appendix	 S1D),	 but	 this	
was	 largely	 attributed	 to	native	 richness,	with	 a	 total	 of	107	hap-
lotypes	 (79%)	only	 in	 the	native	 range,	15	 (11%)	only	 in	 the	 intro-
duced,	 and	13	 (10%)	 shared	 between	 regions.	Haplotype	 richness	
was	significantly	(Χ2	=	31.650,	p	<	.00001)	greater	in	the	native	ver-
sus	introduced	region	and	also	the	Source	versus	introduced	region	
(Χ2	 =	18.206,	p	 =	 .00002)	 (Figure	3).	 Similar	 patterns	were	 found	
for	haplotype	frequencies,	where	the	majority	of	occurrences	were	
in	the	native	region	or	shared	between	regions.	Similar	to	the	snail	








In	 rarefaction	 analyses,	 only	 a	 fraction	 of	 the	 host	 snail's	 pre-
dicted	genetic	diversity	was	captured	in	the	two	ranges—likely	due	
to	 the	 number	 of	 singleton	 haplotypes	 found	 in	 both	 regions	 and	
the	 number	 of	 unshared	 haplotypes	 detected	 in	 the	 introduced	





richness,	 the	 latter	 was	 actually	 predicted	 to	 attain	 higher	 diver-
sity.	In	trematode	analyses,	predicted	diversity	in	the	native	region	
was	much	 greater	 than	 observed,	 but	 the	 asymptote	 in	 predicted	
introduced	richness	was	more	similar	to	what	we	actually	observed.	
Extrapolation	curves	demonstrated	substantially	higher	(8×)	native	
F I G U R E  4  Haplotype	network	depicting	COI	maker	of	the	four	trematode	parasites	(Austrobilharzia variglandis [AV],	Himasthla quissitensis 








To	 test	 how	 the	 intricacies	 of	 trematode	 life	 cycles	may	 differen-





lence	was	 found	 in	 the	North and Source	 subregions	 (Table	1).	For	
fish‐using	 trematodes,	 prevalence	 was	 significantly	 higher	 in	 the	
native	versus	introduced	region,	where	the	two	species	(LS and ZL)	








quencies	 demonstrated	 bird‐using	 trematodes	 to	 have	 relatively	
equal	frequencies	across	native	(25%),	shared‐native	(28%),	shared‐
introduced	(30%),	and	introduced	(17%)	groupings;	in	contrast,	fish‐
using	 trematodes	 showed	 substantially	 greater	 frequencies	 in	 the	
native	 (67%)	 and	 shared‐native	 (24%)	 groupings	 compared	 to	 the	
shared‐introduced	 (5%)	 and	 introduced	 (5%)	 groupings.	Moreover,	
in	 rarefaction	 analyses,	 bird‐using	 trematodes	 demonstrated	 less	
difference	 between	 predicted	 introduced	 haplotype	 richness	 and	
Source	haplotype	richness,	when	compared	to	fish‐using	trematodes	
(Figure	S4).

















Altogether,	 the	 host	 snail	 and	 its	 parasite	 demonstrated	 congru-
ent	patterns	for	limited	genetic	differentiation	between	the	Source 













and	 in	 fact,	 gene	 flow	 was	 highest	 in	 the	 introduced	 subregions	
versus	all	other	subregions.	In	the	native	subregions,	there	was	also	
moderate	 bidirectional	 gene	 flow	 between	 the	North and Source,	
much	less	gene	flow	between	the	Source and South,	and	negligible	





















regional	comparisons	for	T. obsoleta	and	also	the	parasite	HQ can be 
found	in	Figure	S6
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pressure,	 and	 relatively	 simple	 life	 cycles,	 there	may	 be	 little	 to	
no	perceptible	bottleneck	 in	 founding	 locations.	Consistent	with	
this	 so‐called	 genetic	 paradox	 (Roman	 &	Darling,	 2007),	 the	 in-
troduced	host	snail	T. obsoleta	demonstrated	no	obvious	genetic	
bottleneck	 in	 its	 introduced	west	 coast	 region,	 especially	 when	
compared	 to	 its	 purported	 Source	 region	 (in	 and	 around	 the	US	
Mid‐Atlantic;	Figure	3).	 In	contrast,	T. obsoleta's	 four	 trematodes	
collectively	revealed	significantly	lower	genetic	diversity	in	the	in-
troduced	versus	native	regions,	though	this	was	strongly	affected	
by	 the	 trematode's	 final	 host	 taxa	 (fish	 or	 bird).	 Although	 host	
and	 parasite	 were	 likely	 introduced	 together,	 they	 clearly	 dem-
onstrate	 differential	 genetic	 diversity	 in	 founding	 populations,	
with	 the	 parasites	 showing	 much	 greater	 conformity	 to	 genetic	
founder	effects,	 in	which	genetic	diversity	 is	severely	depressed	
in	 the	 colonized	 range	 (Barton	&	Charlesworth,	 1984;	Grosberg	
&	Cunningham,	2001;	Holland,	2000).	These	host–parasite	differ-




ing	 to	differential	 genetic	 diversity	 in	 the	native	 and	 introduced	
regions	for	the	host	versus	parasites	that	are	specifically	 related	
to	 transfer	 dynamics	 of	 invasion.	 We	 then	 describe	 the	 strong	





5.1 | Transfer dynamics of host and parasite
Tritia obsoleta	was	introduced	to	the	North	American	west	coast	as	
a	hitchhiker	with	commercial	oyster	 (C. virginica)	 shipments,	which	






in‐transit	 survival	 and	 subsequent	 sale	 in	 markets	 or	 to	 support	




pressure	is	the	fact	that	T. obsoleta	 is	a	highly	abundant	snail	 in	 its	
native	range,	with	densities	reaching	greater	than	600	snails/m2 in 
some	 locations	 where	 oysters	 were	 targeted	 for	 extraction	 (e.g.,	
Long	 Island	 Sound;	 Appendix	 S1A).	 Additionally,	 the	 snail's	 large	
native	 source	 pool	 contains	 widespread	 genetic	 diversity;	 for	 ex-
ample,	 in	our	 study,	native	haplotype	 richness	estimates	were	up-




















other	 species	 introductions	 that	 are	 associated	 with	 much	 lower	
parasite	species	diversity	in	non‐native	ranges	(Blakeslee,	Fowler,	&	
Keogh,	2013;	Torchin,	Lafferty,	Dobson,	McKenzie,	&	Kuris,	2003).	
For	example,	 the	 rough	periwinkle	 snail,	Littorina saxatilis,	 demon-
strates	twice	the	amount	of	escape	from	parasites	in	SFB	as	T. obso-
leta,	and	 its	 introduction	vector	 (live	baitworm	trade)	 is	associated	
with	much	lower	propagule	pressure	(Blakeslee	et	al.,	2012).	Thus,	
though	the	high	propagule	pressure	characterized	by	the	oyster	vec-
tor	enhanced	parasite	 transfers	 to	the	west	coast	with	T. obsoleta,	

















infected	 individuals	 to	a	 founding	 region.	Another	potential	 factor	
affecting	 the	 transfer	 of	 parasitized	 individuals	 and	 subsequent	
parasite	genetic	diversity	is	related	to	the	invasion	pathway;	that	is,	
the	stress	incurred	during	transport	that	may	enhance	mortality	in	
infected	 individuals.	 Several	 studies	 have	 found	 abiotic	 stressors,	
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anisms.	 One	 trematode	 demonstrated	 clear	 signatures	 of	 genetic	

























5.2 | Influence of parasite life cycles on host and 
parasite genetic diversity
Trematodes	have	 indirect	 life	 cycles	 that	 include	>1	host,	 and	 the	
majority	of	T. obsoleta's	trematodes	require	three	hosts	to	sexually	
reproduce	 (Figure	S1).	Thus,	 for	a	trematode	to	remain	extant	 in	a	
region,	all	three	hosts	must	be	present	and	in	sufficient	abundance.	
Trematodes	with	truncated	life	cycles	may	therefore	have	an	edge	
by	requiring	fewer	hosts;	 for	example	 in	this	study,	 the	trematode	
AV	 has	 just	 two	 hosts:	 T. obsoleta	 and	 wading	 birds	 (Blakeslee	 et	
al.,	2012;	Curtis,	1997;	Grodhaus	&	Keh,	1958).	While	AV	 is	a	rare	
trematode	 in	 the	native	 range,	 it	 is	 actually	more	prevalent	 in	 the	
introduced	range	(Table	1),	suggesting	that	its	less	complex	life	cycle	
may	 have	 facilitated	 its	 successful	 colonization	 of	 the	west	 coast.	
In	 fact,	 both	AV	 and	 the	 other	 bird‐using	 trematode,	HQ,	 demon-
strated	a	lessened	genetic	bottleneck	in	the	introduced	range,	when	
compared	 to	 the	 fish‐using	 trematodes	 (Figures	3	and	S4).	 In	past	
work,	 final	 hosts	 have	 been	 shown	 to	 strongly	 influence	 parasite	
prevalence	and	genetic	diversity	in	intermediate	hosts.	For	example,	
Byers	et	 al.	 (2008)	 found	 that	 among	a	variety	of	possible	drivers	
of	 parasite	 prevalence	 in	 a	New	England	 intertidal	 snail,	 bird	 final	
host	abundance	was	 the	most	 important.	Similarly,	Hechinger	and	
Lafferty	 (2005)	 and	 Fredensborg	 et	 al.	 (2006)	 found	 strong	 posi-
tive	correlations	between	trematode	and	bird	diversity	in	California	
tidal	 wetlands	 and	 soft‐sediment	 intertidal	 bays	 of	 New	 Zealand,	
respectively.
Even	 if	 a	 parasite	 species	 is	 transferred	 to	 a	new	 location,	 it	
cannot	survive,	reproduce,	and	successfully	establish	without	 its	
complement	of	suitable	hosts.	Typically,	host	specificity	 in	trem-








riety	 of	 hosts	 in	 a	 large	 taxonomic	 group,	 such	 as	 shorebirds	 or	
predatory	 fish	 (Rohde,	 2005;	 Figure	 S1).	 An	 examination	 of	 the	
availability	and	types	of	suitable	hosts	utilized	by	T. obsoleta's	four	
introduced	 trematodes	 revealed	 significantly	 more	 suitable	 bird	
final	hosts	than	fish	final	hosts	in	the	introduced	west	coast	range	
(Blakeslee	 et	 al.,	 2012).	 In	 fact,	AV and HQ	 (the	 two	 bird‐using	
trematodes)	 had	 a	 full	 complement	 of	 suitable	 hosts	 in	 all	 three	









of	 suitable	host	 species	has	 likely	had	 a	 strong	 influence	on	 the	
genetic	diversity	of	T. obsoleta's	trematode	parasites,	which	is	es-
pecially	apparent	in	the	fish‐using	trematodes.	This	is	noteworthy	










differences	 in	bird‐	versus	 fish‐using	 trematodes	have	also	been	
documented	 in	 a	 system	 in	 the	 eastern	Atlantic,	where	 a	 native	
trematode	species	using	a	 less	vagile	final	host	 (fish)	had	greater	








5.3 | Genetic structure, gene flow, and geography
There	 was	 little	 detectable	 genetic	 structure	 for	 T. obsoleta 
throughout	 its	 native	 and	 non‐native	 ranges	 on	 both	 coasts	 of	
North	America,	aside	from	some	differences	observed	in	the	South 
subregion	 (Table	S1).	For	 the	snail's	native	range,	 this	 result	may	
have	 been	 anticipated	 because	 genetic	 structure	 has	 been	 tied	
to	 reproductive	 strategy	 for	 numerous	marine	 and	 estuarine	or-
ganisms;	 that	 is,	 species	with	 planktonic	 larvae	 exhibit	 lessened	
genetic	 structure	 than	 those	with	direct	development	 strategies	
(e.g.,	Kelly	&	Palumbi,	2010).	Tritia obsoleta	lays	egg	capsules	that	
hatch	into	veliger	larvae	that	spend	10–22	days	in	the	water	col-
umn	before	 settling	onto	 the	 intertidal/shallow	subtidal	benthos	
(Scheltema,	 1962).	 Our	 results	 for	 native	 range	 T. obsoleta are 






cussed	 above),	 along	 with	 the	 possibility	 for	 some	 present‐day	
gene	flow	among	the	subregions	(discussed	below).
When	compared	to	their	snail	host,	T. obsoleta's	four	trematode	
species	 (as	 examined	 here:	AV,	HQ,	 LS,	ZL)	 similarly	 demonstrated	











and	 Blouin,	 (2004)	 and	 Blasco‐Costa	 and	 Poulin	 (2013)	 demon-
strated	 lower	 genetic	 structure	 and	 higher	 gene	 flow	 in	 parasite	
species	that	utilized	hosts,	or	had	life	cycles,	that	moved	among	hab-
itats	or	environments	 (allogenic)	 compared	 to	 those	 that	 remained	
within	the	same	habitat	or	environment	(autogenic).	Further,	a	study	
by	Blasco‐Costa,	Waters,	 and	Poulin	 (2012)	 found	 that	both	biotic	
(definitive	host)	dispersal	and	abiotic	 (river	 flow)	dispersal	 strongly	
influenced	the	resulting	genetic	structures	and	gene	flow	of	two	spe-
cies	of	trematode	parasites.	Our	study	is	likewise	supportive	of	this	






strong	connections	to	the	Source and North	 subregions	 (Figures	2,	
S2,	and	S5),	which	supports	historical	evidence	of	the	Mid‐Atlantic	
and	southern	New	England	as	 likely	sources	for	T. obsoleta's	 intro-
duction,	 given	 massive	 oyster	 transplantation	 over	 decades	 from	
these	 areas	 (Miller,	 2000).	 Further,	 in	 an	 nMDS	 plot,	most	 of	 the	
spatially	 (and	 genetically)	 closest	 populations	 to	 the	 west	 coast	
were	 from	 the	Source	 subregion	 (Figure	 S5).	 Indeed,	 strong	 direc-
tional	gene	flow	from	the	Source	to	the	introduced	region	was	de-
tected	in	our	gene	flow	analyses	with	very	little	gene	flow	coming	
from	 the	other	 two	native	 subregions	 (Figure	5),	 again	 supporting	
historical	evidence	pinpointing	the	Mid‐Atlantic	as	the	likely	source.	
Interestingly,	predicted	gene	flow	rates	were	actually	highest	in	in-
traregional	 comparisons	 in	 the	 introduced	 region	 (Figure	 S6),	 sug-
gesting	 strong	 connections	 among	 the	west	 coast	 bays.	 Although	
these	bays	are	discrete	and	isolated	from	one	another	(Figure	2),	it	






sal	between	and	among	bays	via	 the	snail's	veliger	 larvae.	 Indeed,	
















sity	 in	 populations,	 we	 used	 rarefaction	 analyses	 to	 estimate	 ex-
pected	genetic	diversity	in	each	region.	Our	results	suggested	that	






than	 the	Source	 subregion,	 suggesting	 that	 other	 populations	out-
side	our	prescribed	Source	subregion	may	have	contributed	diversity	
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to	 the	west	coast—indeed,	 several	of	our	analyses	pointed	 toward	
the	North	subregion	as	being	another	important	contributor	to	west	
coast	diversity.	It	is	also	quite	possible	that	we	missed	sampling	im-
portant	 east	 coast	 populations	 that	 may	 have	 contributed	 to	 the	
west	coast	diversity.	In	fact,	a	number	of	introduced	haplotypes	for	
T. obsoleta	 (n	=	54)	and	 its	 trematodes	 (n	=	30)	were	not	detected	
in	our	east	coast	sampling.	As	hypothesized	in	other	species	intro-








5.4 | Detection of cryptic taxa
During	 phylogenetic	 analyses,	 we	 detected	 genetically	 distinct	
cryptic	 taxa	 in	 two	 trematode	 species,	HQ and LS	 (Figures	 4	 and	
S3).	 These	 lineages	were	 also	 found	 in	 the	 introduced	 range,	 and	
for	HQ,	two	were	also	found	with	the	18S	marker.	Cryptic	taxa	are	
an	 increasingly	 common	 discovery	 in	 trematode	 phylogenetics.	
For	 example,	Huspeni	 (2000)	 showed	 that	 one	 trematode	 species	
(Parorchis acanthus)	 was	 actually	 four	 genetically	 distinct	 species,	








taxonomic,	 ecological,	 and	 evolutionary	 knowledge.	 In	 the	 future,	
there	 is	much	 to	 learn	 about	 the	 cryptic	 lineages	 detected	 in	 this	
study,	 including	whether	morphological	distinctions	 can	be	 found,	









life	 cycles	 on	 parasite	 genetic	 diversity	 (e.g.,	 vagility	 and	 distribu-
tion	of	 final	hosts).	Most	prior	work	on	 founder	effects	 in	species	
introductions	 has	 focused	 on	 free‐living	 species;	 thus,	 our	 study	
enhances	 understanding	 regarding	 the	mechanisms	 that	 drive	 ge-
netic	 diversity	 losses	 in	 founding	 populations	 in	 both	 free‐living	
and	 parasitic	 species.	 As	 many	 introduction	 vectors	 continue	 to	
operate	and	 transport	 species	 to	new	 locations	around	 the	world,	
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